INTRODUCTION
============

Dynamic stabilization has been introduced to address the problem of motion limitation and adjacent segment pathology with rigid fixation for degenerative lumbar spine disease[@B2][@B22][@B24][@B26][@B28][@B30][@B32][@B33]. Dynamic stabilization systems are largely divided into two groups based on the way in which they are attached to the spine : inter-spinous system and pedicle screw-based system. Dynesys® (Zimmer, Winterthur, Switzerland) is one of the pedicle screw-based dynamic stabilization systems and has been used to stabilize lumbar segments following spinal canal decompression[@B3][@B23][@B30][@B31][@B34]. The Dynesys system is composed of titanium alloy (Protasul-100) pedicle screws, polyethyleneterephthalate (Sulene-PET) cords, and polycarbonateurethane (Sulene-PCU) spacers[@B9][@B21][@B24][@B32]. The spacers and cord connect the upper and lower pedicle screws in the Dynesys system and allows motion between vertebras, on contrary to the metallic rod in the standard fusion system. During assembly of the Dynesys, the cord is pulled tight with 300 N force, approximating the two screw heads to the extent that the interposed cylindrical spacer allows[@B4][@B11][@B20][@B24]. The pre-tension on the cord is essential procedure for the stability of the system[@B4][@B11][@B20]. We focused on the pre-strain of the system. The cylindrical spacer between the heads of the screws undergoes deformation during tightening of the cord, because the pedicle screws are usually inserted parallel to the endplates of each vertebrae, which are not parallel to each other. This probably causes reaction force on the pedicle screw and vertebrae, and the ongoing force may change the angle of instrumented vertebra with time *in vivo*[@B9][@B11]. We hypothesized that the reaction force may be reduced by cutting the bottom of the spacer obliquely. In the present study, we retrospectively analyzed sagittal alignment of lumbar spine for patients with single-level instrumentation with Dynesys. The hypothesis was simulated with a validated finite element (FE) model analysis[@B27]

MATERIALS AND METHODS
=====================

From 2005-2010, 22 patients underwent dynamic stabilization with Dynesys for single-level lumbar spinal stenosis. Among them, consecutive 14 patients who were followed-up more than 24 months (M : F=6 : 8; age, 58.7±8.0 years; range, 46-73) were included. Surgical indication was degenerative lumbar spinal stenosis with neurological intermittent claudication, which was intractable for non-surgical management at least for 6 months[@B7][@B14]. Spondylolistheis was present in 8/14 patients. If index level showed angle change of 10-15° between the cephalic and caudal vertebrae end plates on preoperative dynamic view or spondylolisthesis, this level was included in the level of stabilization[@B7][@B28]. Dynamic stabilization was not performed on patients with overt instability (\>15 angle change and/or \>3 mm translation), fixed coronal imbalance, previous lumbar spine surgery, spondylolisthesis more than grade II or an associated movement disorder (such as Parkinson\'s disease)[@B12][@B14]. The operated levels were like followings; L2-3, 2; L3-4, 2; L4-5, 9; L5-S1, 1 patient(s) and low grade spondylolisthesis (≤10% slippage) was combined in 9 patients.

The surgical procedures were followed the manufacturer\'s guideline for the Dynesys® spinal system (Zimmer, Winterthur, Switzerland). After decompression with posterior midline incision with laminectomy or laminotomy, four pedicle screws were inserted parallel to the endplate of each vertebral body. The head of pedicle screws were connected with the cord, and cylindrical spacer was interposed after measuring the distance between the head of pedicle screw. The cord was tightened with 300 N compressive force. The patients were scheduled to follow-up at postoperative 1, 3, 6, 12 months and yearly thereafter. Plain X-ray was taken at 1, 6, 12 months and yearly thereafter. Follow-up period was 52.6±23.7 months (range, 24-85).

Outcome parameters
------------------

For clinical parameters, the visual analogue pain score (VAS, scale 0-10) and the Korean version of the Oswestry disability index (K-ODI, scale 0-45) scores[@B15] were assessed at preoperatively and at each follow-up appointments (1, 3, 6, and 12 months and yearly thereafter). Pelvic parameters (pelvic incidence, pelvic tilt and sacral slope) were measured with functions found in the picture archiving and communication systems (Marosis, version 5483, Infinitt Healthcare, Seoul, Korea), which ran in a Microsoft Windows environment (Microsoft Corp., Redmond, WA, USA) as suggested before[@B1][@B13]. Lumbar lordosis angle (LL, T12-S1) and segmental angle between superior endplate and inferior endplate of instrumented cephalic and caudal vertebral body were measured with Cobb\'s method[@B1][@B13]. Negative angle denoted a lordosis. For patients with spondylolisthesis, percentages of slip (100×length of slip/length of superior endplate) were compared.

Statistical analysis
--------------------

All continuous values were described as mean±standard deviation. Parameters obtained at postoperative month 24 were compared with preoperative ones. Continuous values were compared with either Mann-Whitney U test or Wilcoxon-Rank sum test. All statistical analyses were done using SPSS (version 17.0, SPSS Inc., Chicago, IL, USA), and statistical significance was defined as *p*\<0.05 (two-sided).

Simulate hypothesis with finite element model analysis
------------------------------------------------------

To simulate the effect of obliquely-cut spacer, seven different FE models with various slope of the inferior plane of the spacer (0°, 5°, 10°, 15°, 20°, 25°, and 30°) between the top and bottom planes were made by cutting the bottom of the spacer obliquely. Three-dimensional computer-aided design (CAD) models of pedicle screws, spacers, and cords for the Dynesys system were developed based on manufacturing drawings using SolidWorks® (SolidWorks Corp., Concord, MA, USA). The pedicle screw with a diameter of 6.4 mm and length of 35 mm was selected. The developed CAD models were transformed to the FE models with the software FEMAP v. 10 (UGS Inc., Plano, TX, USA)[@B17]. The material properties of the components used for the FE models were described in [Table 1](#T1){ref-type="table"}[@B9][@B16][@B21][@B24][@B32]. For the spinal segment with Dynesis implantation, the FE model of a L4-5 spinal motion segment with segmental angle of 16° was used[@B16]. Two pedicle screw models were inserted parallel to the endplate of each vertebral body[@B6][@B9][@B18][@B29][@B32][@B34]. The distance between the head of upper and lower pedicle screws were 22 mm. The FE model of the spacer was modeled as a cylinder shape, which was 22 mm in length and 12 mm in diameter. It was inserted between the upper and lower pedicle screw heads as the upper plane of the spacer was fixed on the undersurface of the head of the cephalic pedicle screw, and the bottom of the spacer was to fit the superior plane of the lower pedicle screw head. Then, the FE model of the cord was inserted inside the spacer and the cord was fixed at the center of a pedicle screw head. The spacer was fixed under 300 N pretension of cord and it was deformed at dorsal side, because cylindrical spacer was implanted between the screws with a 16° angle ([Fig. 1](#F1){ref-type="fig"}). We hypothesized that obliquely cutting spacer respecting the screw angle may reduce the reaction force due to the deformed spacer. For analysis, a compressive force of 400 N along the direction of the L4 vertebra center to the L5 vertebra center was applied on the L4-5 motion segment as body weight in a standing posture and a moment of 10 Nm was applied onto the superior plane of the L4 vertebra in flexion, extension, lateral bending, and torsion (counterclock-wise) loading condition, respectively ([Fig. 1](#F1){ref-type="fig"})[@B2][@B25]. Seven different FE models with various slope of the inferior plane of the spacer (0°, 5°, 10°, 15°, 20°, 25°, and 30°) between the top and bottom planes were made by cutting the bottom of the spacer obliquely ([Fig. 2](#F2){ref-type="fig"}). In order to focus on the single effect of the spacer obliqueness, the clinical factors such as the degenerative spondylolisthesis grade, disc/facet degeneration, and bone mineral density were not considered in the present study. The von Mises stress on the spacer were investigated with the commercial FE analysis software ABAQUS 6.10 (SIMULIA, Providence, RI, USA). Because the von Mises stress is a mechanical parameter which is widely used to determine whether the material is will withstand a given complex load without failure in the mechanical engineering field, it could be considered related to the pre-strain of the spacer in this study.

RESULTS
=======

Preoperative K-ODI, VAS-back, and VAS-neck were 17.7±6.4, 6.3±2.6, and 7.1±1.8, respectively. Postoperatively, pain and disability score were improved significantly; K-ODI, VAS-back, and VAS-neck were 10.6±5.2, 3.2±2.3, and 3.9±2.4 at postoperative month 24 (*p*=0.01, 0.03, and 0.01, respectively, Wilcoxon-Rank sum test). Excellent outcome was achieved in 3 patients, good outcome was in 8 and fair outcome was in 3 by Nacnab\'s criteria at postoperative months 24.

LL, sacral slope and pelvic tilt were not significantly changed at postoperative month 24 ([Table 2](#T2){ref-type="table"}). Preoperative LL was -47.3±13.0° and it was -46.6±13.0° at postoperative month 24 (*p*=0.18). Preoperative sacral slope and pelvic tilt were 31.1±7.6° and 21.9±10.8°, respectively. At postoperative month 24, sacral slope and pelvic tilt were 29.7±8.0° and 22.2±12.6°, respectively (*p*=0.19 and 0.80). However, segmental angle was changed significantly from -8.1±7.2° to -5.9±6.7° at postoperative month 24 (*p*\<0.01). The difference of segmental angle between preoperation and postoperative month 24 was 2.2±2.4°. Loss of segmental lordosis was observed in 12/14 patients (7/8 patients with spondylolistheis). Preoperative spondylolisthesis was not a risk factor for the decrease of segmental lordosis (*p*=1.0). The percentage of slip was 13.0±5.8% at preoperation and 12.1±4.7% at postoperative month 24 (*p*=0.48). Progression of slip was observed in 1 patient.

Case
----

A 72-year old female patient complained of neurogenic intermittent claudication and back pain for 1 year ([Fig. 3A](#F3){ref-type="fig"}). Initially, segmental angle of L4-5 was -6.8° and spondylolisthesis was combined. K-ODI and VAS-back, and -leg were 21/45, 8/10 ,and 9/10. Decompressive laminectomy and stabilization of L4-5 was performed ([Fig. 3B](#F3){ref-type="fig"}). The spondylolisthesis was re-aligned and segmental angle of instrumented vertebrae was -12.9° at postoperative month 1. At postoperative month 24, segmental angle was -4.6° ([Fig. 3C](#F3){ref-type="fig"}). Clinical outcome at postoperative month 24 was poor and K-ODI and VAS-back and -leg were 20/45, 7/10, and 7/10.

Simulation of hypothesis with finite element model analysis
-----------------------------------------------------------

The result of 14 patients showed that the segmental lordotic angle was significantly decreased during follow-up and we hypothesized that ongoing stress by the spacer without obliquity at the bottom may decrease segmental lordosis. The change of stress with obliquely cutting of the spacer was simulated with FE model. The maximum von Mises stresses on the spacer were markedly decreased in every movement with increasing angles up to 20° ([Table 3](#T3){ref-type="table"}). The stresses were decreased by 47% in the standing position, by 51% in the flexion position, by 43% in the extension position, by 43% for lateral bending, and by 40% for torsion with a 20° cutting angle. The stresses were similar to each other or slightly increased as the angle increased further.

The von Mises stresses on the whole spacer were illustrated in [Fig. 4](#F4){ref-type="fig"}. The von Mises stresses were concentrated at the deformed side of the spacer with a 0° cutting angle ([Fig. 4A](#F4){ref-type="fig"}). The spacer had a pretty even stresses distribution with the cutting angle of 15° ([Fig. 4B](#F4){ref-type="fig"}). Although maximum stresses were nearly similar with further oblique cutting ([Table 3](#T3){ref-type="table"}), the stresses were converged on the ventral side when the cutting angle was over 20° and the deformation occurred on the ventral side with 30° cutting angle ([Fig. 4C](#F4){ref-type="fig"}). The pre-strain that may change the angle of instrumented screw was reduced with oblique cutting of spacer.

The range of motion (ROM) was simulated. The ROM was 8° in the intact spine and approximately 2° after Dynesys instrumentation. Flexion movement was restricted as the cutting angle increased while extension movement was increased up to 2° with 30° cutting angle. By oblique cutting of 20°, flexion was limited and extension was increased with about 1 degree. However, the effect of oblique cutting on motion during lateral bending and torsion was minimal. The foramen height depends on the length of the spacer. The distance between the centers of the upper and lower planes of the spacer did not change in standing, since the cutting plane was rotated along the center of the lower plane ([Fig. 2](#F2){ref-type="fig"}). The measured distance between the screws decreased by 0.1, 0.4, and 0.6 mm with 10°, 20°, and 30° cutting angles, respectively.

DISCUSSION
==========

Overview
--------

Since the introduction of Dynesys, many authors have presented good surgical results for degenerative spine diseases[@B22][@B24][@B25][@B28][@B30][@B32][@B33]. Although, Dynesys system is a kind of dynamic stabilization instrument, the stiffness is much higher than that of intact spine[@B20]. The provided motion at the index level was less than 4 degrees and the problem of rigid fixation was not completely resolved[@B7][@B14]. Moreover, recent studies showed substantial rate of mechanical failure. The most common mechanical failure was screw loosening, which occurred up to 20% of patients[@B3][@B5][@B7][@B9][@B18][@B19][@B29][@B34]. In addition to those issues, decrease of segmental lordosis was observed in the present study, although it was obtained from a small group ([Table 2](#T2){ref-type="table"}). Although the use of Dynesys was not a single factor for the decrease of segmental angle, we speculated that the pre-strain of Dynesys may partially influence on segmental angle. Chien et al.[@B4] showed that the cord pretension (300 N) of Dynesys system can significantly affect both screw-spacer force and bone-screw stress. Recent study showed that spacer deformation was found in most of retrieved spacers, which meant that the spacer was under stress[@B11]. The deformed rectangle spacer may tend to parallelize vertebral body due to conjoined pedicle screws, and this tendency may be one of cause of changed segmental angle. However, the deformation of cylindrical spacer was inevitable due to the obliquely angled pedicle screws[@B3][@B5][@B8]. If we reduce the deformation of spacer, such mechanical problems may be reduced. We hypothesized that those issue was probably caused by the unequal distribution of stress on the cylindrical spacer and may be addressed by oblique cutting of the spacer and performed a FE analysis.

The present study was a pilot study to analyze the effect of oblique spacer on the system. In the present model, the lordotic angle between the cranial (L4) and caudal (L5) screw was 16°, which is in agreement with the reported mean angle of 13.1±5.18° in the elderly[@B10]. The maximum von Mises stresses on the spacer under compressive force and four bending moments were markedly decreased by 20° cutting angle of spacer and the stresses were slightly changed in further increased angle of the slope ([Table 3](#T3){ref-type="table"}). The stresses decreased by approximately 40% with a 15-20° cutting angle in every loading condition. Further sloping seems to be detrimental considering uneven distribution of stress on the spacer ([Fig. 4C](#F4){ref-type="fig"}). Considering a pretty even distribution of stresses ([Fig. 4B](#F4){ref-type="fig"}), oblique cutting of the spacer may be effective in reducing mechanical problems, and cutting according to the angle formed between the cephalic and caudal pedicle screws seems to be optimal.

However, there may be a concern about the limitation of flexion motion with an oblique spacer. By oblique cutting of 20°, flexion was limited and extension was increased with about 1 degree. Considering that the reported ROM at the operated segment in patients was about 4°, such a limitation may be acceptable[@B31]. Nonetheless, decreasing stress without affecting motion would be better, which should be emphasized in the development of future systems. There may be another concern on the narrowing of the neural foramen with an oblique spacer due to the decreased posterior length of the spacer and increased extension motion. However, the decrease of foraminal height was 0.6 mm in FE model even with 30° oblique spacer, because the distance between the centers of the upper and lower planes of the spacer did not change ([Fig. 2](#F2){ref-type="fig"}). Even though extension motion was increased, the height of the neural foramen could be maintained by the same center height of the spacer irrespective of the obliquity of the cutting angles.

Limitations of this study
-------------------------

The clinical and radiological outcome was obtained from a small number of patients in a single institute and lacks an external validity. In addition, there was no control group and the follow-up period was too short to make any clinical significance. The effect of reduced lordosis at a single-segment may take a longer time, probably more than decades. The present result is not a conclusive one and we need a long-term follow-up study with data from many institutes to get a conclusive result.

Second, there are many clinical factors that can affect the intersegmental rotation and the stress on the spacer such as the degenerative spondylolisthesis grade, disc/facet degeneration, and bone mineral density. The FE analysis technology was used to investigate the influences of change of design such as the space obliqueness on the stress of the spacer due to difficulties in biomechanical cadaveric experiments as a pilot study, but those clinical factors were not reflected in the present study. Moreover, the action of oblique-shaped spacer with time may be different in a human body. Therefore, direct causal relation-ship with the FE analysis and the clinical result was not clear. Additional biomechanical cadaveric study to reflect the shear force and facet wear inherent in clinical parameters including degenerative spondylolisthesis can be helpful to improve the present study. In addition, durability of the spacer should be tested again because of the re-distribution of stress.

Third, only one-segment geometry and one set of material properties were assumed in the present study. The effect of Dynesys system on the instrumented level may be balanced by un-instrumented levels. Moreover, the change may be minimal considering elasticity of vertebral body and the effect of oblique spacer may be negligible.

Finally, many factors were associated with the changed segmental angle and use of Dynesys was not a single risk factor. Although we showed that the pre-strain of Dynesys may be reduced with change of design, it was a speculative hypothesis and further biomechanical cadaveric study is necessary.

Although there are quite a few limitations, the present pilot study was meaningful in providing an insight into the biomechanics of the Dynesys system. Decrease of segmental lordosis was not a focused issue in the previous studies and further attention is required for the relevant use and refinement of system.

CONCLUSION
==========

Segmental lordotic angle was decreased after Dynesys stabilization. We hypothesized that the pre-strain generated by the deformed cylindrical spacer between the heads of the screws may change the angle of instrumented spine with time and the oblique-shaped spacer may reduce the pre-strain. The FE model analysis showed that the oblique spacer respecting the angle of instrumented segment (15° or 20° cut) reduced the stress and the refinement may address the issue of decreased segmental lordosis. Further clinical and biomechanical researches are required for relevant use and refinement of the system.
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![Three-dimensional finite element model of the Dynesys spinal system implanted L4-5 spinal motion segment with three loading conditions. For analysis, a compressive force of 400 N along the direction of the L4 vertebra center to the L5 vertebra center (vertical thick arrow) is applied onto the L4-5 motion segment as body weight in a standing posture and 10 Nm of moment is applied onto the superior plane of the L4 vertebra in the flexion and extension positions, and for lateral bending (left) and torsion (counterclockwise), respectively. Note deformation of the spacer caused by the implantation of a cylindrical spacer between the screws with a 16° angle.](jkns-58-43-g001){#F1}

![The method of sloping cylindrical spacer. The inferior border of the spacer is cut with angles (a) of 0°, 5°, 10°, 15°, 20°, 25°, and 30°.](jkns-58-43-g002){#F2}

![Decreased segmental angle due to reaction force. A : The preoperative Cobb\'s angle between L4-5 was -6.8°. B : At postoperative month 1, the angle was -12.9°. C : At postoperative month 24, segmental angle was -4.6°. Note parallelized cephalic and caudal pedicle screw during follow-up.](jkns-58-43-g003){#F3}

![The maximum von Mises stresses on the spacer. The distribution of von Mises stresses on the spacer was depicted from A-C. Darker color represents higher stress in the figure. A : Initially, the von Mises stresses are concentrated at the dorsal caudal edge (arrow) of the spacer with a 0° cutting angle. B : The spacer has a pretty even distribution of stresses with the cutting angle of 15°. C : The stresses are converged on the ventral side (arrow) with a cutting angle of 30°.](jkns-58-43-g004){#F4}

###### Material properties for the FE model of the Dynesys system
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^\*^Calculated equivalent elastic modulus using linear tensional stiffness. FE : finite element, ALL : anterior longitudinal ligament, PLL : posterior longitudinal ligament, CL : capsular ligament, FL : flaval ligament, TL : transverse ligament, ISL : interspinous ligament, SSL : supraspinous ligament

###### Change of radiologic parameters
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All units are degrees. ^\*^Angle difference from preoperative one, ^†^Values between preoperative and postoperative month 24 were compared with Wilcoxon-Rank sum test, ^‡^Values between postoperative month 1 and 24 were compared with Wilcoxon-Rank sum test

###### The maximum von Mises stresses (MPa) on the spacer
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